We report the dependence of the mean wavelength of Er-doped superfluorescent fiber sources on temperature, pump wavelength, and pump power. In particular, we measure an intrinsic temperature coefficient of between-2 and +8 parts in 106 (ppm) per degree Celsius depending on pump wavelength, pump power, and fiber length. Additionally, we report a pump wavelength dependence that is symmetrical about the peak pump absorption wavelength (near 976 nm) and a decrease in mean wavelength with pump power with a slope of between 0 and -93 ppm/mW.
The development of the Er-doped superfluorescent fiber source (SFS) has been motivated by its potential use as a source for the fiber-optic gyroscope (FOG). Such a source must be broadband in order to reduce errors due to coherent backscattering, polarization cross coupling, and the Kerr effect.' Consequently the superluminescent diode has become the most widely used fiber gyroscope source. Unfortunately, the mean wavelength of such diodes varies by approximately -400 parts in 106 (ppm) per degree Celsius, while navigational-grade gyroscopes often require a mean wavelength stable to approximately 1 ppm. The power produced by the superluminescent diode is also difficult to couple into single-mode fibers. The Nd-doped SFS was developed to alleviate these problems. Such sources can deliver milliwatts of power into the FOG 2 -5 with broadband spectra 6 and excellent thermal stability. 7 ' 8 The change to Er-doped SFS's is motivated mainly by the reduced radiation sensitivity at 1.55 4 m and, secondarily, by the higher gain obtainable in Er:silica.
Since the FOG scale factor is determined by the mean wavelength of the source, a stable source spec-*trum is critical. The thermal stability of a SFS's mean wavelength is determined by three contributions, as expressed by the formula
The first term is the intrinsic dependence of the active medium, which, in rare-earth-doped SFS's, is the result of variation in the Boltzmann distributed occupation of the relevant laser manifolds. The second term is due to the dependence on pump power, while the third term is due to the dependence on pump wavelength. Since both pump power and pump wavelength may vary rapidly with temperature, these two terms can be significant. Furthermore, for a diodelaser pump source, the age and temperature both affect these pump parameters. All three terms are assessed below for an Er-doped SFS.
Although various SFS configurations have been proposed and utilized, 2 ' 4 ' 6 the backward-signal, singlepass configuration proved most useful in Nd:silica. 7 In this configuration both ends of the fiber are angled to eliminate reflection of the signal photons, and the signal source is emitted from the end of the fiber through which pump photons are coupled. The other fiber end is easily terminated to prevent reflections that could produce resonant laser oscillation. In all other configurations, accidental resonant lasing is a constant threat because optical components and the FOG itself create feedback to the SFS.7 For this reason, this Letter presents measurements solely for the backward-signal, single-pass configuration.
The fiber (provided by AT&T) was doped with 1600 ppm of erbium and codoped with aluminum. It had a core radius of 2.2 Aim, a signal mode radius of 4.17 ,gm, and a numerical aperture of 0.2. Both ends of the fiber were polished at a 150 angle to reduce reflections to an estimated level of -60 dB. The fiber, cut to 2.4 m, was longer than optimal for generating forwardsignal power for all pump power levels considered. This extended length served three main purposes. First, the length of fiber beyond optimal produced signal absorption that reduced round-trip gain and prevented resonant lasing. Second, this length guaranteed the absorption of more than 99% of the pump power across most of the pump band from 955 to 995 nm. Finally, since the backward signal was the desired output, reduction of the forward signal was actually an advantage. Any photons emitted in the forward direction were not available for emission in the backward direction. The pump power was provided by a tunable Ti:sapphire laser and was coupled into the fiber by using an 18X objective with a measured coupling efficiency of 47%. The lens working distance was long enough to keep the reflections into the fiber below -50 dB.
The SFS power as a function of absorbed pump power at 976 nm in both the backward and forward directions is plotted in Fig. 1 . The threshold power levels are 29 and 70 mW for the backward and forward directions, respectively. In the high-power limit, both curves approach nearly linear relationships with slopes of 38.9% and 12.2% for the backward and for- ward signals, respectively. The quantum-limited sum of these slopes is given by the ratio of the signal to pump wavelengths, or 63%. The measured sum of the slopes is 51.1%, which is 81.5% of the limiting value. With 250 mW of pump power, the fiber produced over 85 mW of power in the backward direction and nearly 22 mW of power in the forward direction. The ratio of the total output power to the pump power was 42.8%, with 67.8% conversion of pump photons to signal photons. The mean wavelength of the spectrum produced by the SFS was measured with a spectrum analyzer that divided the spectrum into 580 discrete points. The mean wavelength was computed using the formula
the same logic, the emission cross section should shift toward shorter wavelengths, while the absorption cross section should shift toward longer wavelengths with an increase in temperature. Both shifts should produce negative thermal coefficients. In reality, the emission cross section shifts toward longer wavelengths with a temperature increase because of complex differences in the initial and final levels involved at various wavelengths. The shifts in emission and absorption compensate for each other and can produce a net coefficient of 0 ppm/0C. In many cases, small positive coefficients are observed.
The pump power dependence [the second term in Eq. (1)] was characterized by varying the pump power for various pump wavelengths and measuring the mean signal wavelength. The result appears in Fig. 3 . In many regions of these curves the dependence is substantial, with slopes as large as -93 ppm/mW. However, when pumping with approximately 70 mW of power at the peak pump absorption wavelength near 976 nm, the curve is nearly flat. This suggests that, for certain conditions, pump power control to 1 mW may be adequate to keep the contribution of the pump power dependence below 1 ppm. The slopes of the curves in Fig. 3 are negative because additional pump power leads to inversion over a greater length of the fiber. This makes signal absorption less effective
The intrinsic thermal stability was analyzed by cycling the temperature of the fiber (excluding 3 cm at the pump end) repeatedly between 25 0 C and 75 0 C and averaging the measured change in mean wavelength.
For all sets of conditions tested for the 2.4-m fiber, the spectra were greater than 20 nm wide, which far exceeds the FOG requirements. A plot of the intrinsic thermal coefficient as a function of pump power for various pump wavlengths appears in Fig. 2 . The accuracy of these measurements is estimated as 42 ppm/ 0 C. Typically, the intrinsic thermal coefficient is +6 ppm/°C, which is approximately 60 times less than the coefficient for a superluminescent diode. The coefficients are positive (when defined with respect to wavelength) in most cases as opposed to the typical -10 ppm/!C coefficient measured for Nd:silica. 5 , 8 For the four-level neodymium transition, an increase in temperature shifts the occupation of the upper laser manifold toward higher energy levels. Logically, this leads to an increase in emission frequency or a decrease in emission wavelength. In the three-level erbium transition, both the upper and lower laser manifolds are occupied depending on the degree of inversion. By PUMP WAVELENGTH (nm) Fig. 4 . Mean wavelength versus pump wavelength for two pump power levels for the same SFS as in Fig. 1 at room temperature.
and favors the emission peak, which is at shorter wavelengths near 1530 nm. The pump wavelength dependence [the third term in Eq. (1)] was analyzed by varying the pump wavelength, maintaining a constant pump level, and measuring the mean wavelength. This was repeated for two pump power levels, and the result appears in Fig.  4 . The curves are nearly symmetrical with a minimum at the peak pump absorption wavelength of 976 nm. They were fit by parabolas to model the form of the dependence in the vicinity of the minimum. Since the pump absorption rate is roughly symmetrical about the peak, the form of the curves suggests that it is the pump absorption rate that controls the backward-signal spectrum. Pumping at wavelengths equidistant from the peak produces nearly the same spectrum and hence the same mean wavelength. Rapid pump absorption favors the shorter wavelengths (with larger emission cross sections) because it provides more power per unit length in the pump and region of the fiber where the backward signal is amplified the most. This creates a greater degree of inversion and favors the shorter-wavelength emission spectrum.
The parabolic fit for the 280-mW curve suggests that operation at the minimum would require temperature stabilization to 0.62°C to keep the variation to 0.5 ppm (assuming a pump diode with a coefficient of -400 ppm/!C). Interestingly, variation of the pump wavelength from 960 to 976 nm makes less than a 20% change in the output power in the backward direction. As long as all pump photons are absorbed, they are available for amplification of spontaneous emission somewhere along the fiber. For a long fiber with signal absorption at the far end, the preferred emission direction is backward so the backward power varies only slowly with pump wavelength.
The stability of the Er-doped SFS operated in the backward-signal, single-pass configuration is promising for use in the FOG. The intrinsic thermal dependence is a factor of 60 smaller than the intrinsic dependence of the superluminescent diode. The pump wavelength dependence imposes another constraint, but operation at the peak pump absorption wavelength can produce a net zero first-order contribution. The pump power dependence is a more complex issue because its magnitude varies with pump wavelength.
However, the existence of locally insensitive regions and the use of a pump power control loop should facilitate adequate control. The typical dependence of approximately -5 ppm/mW would require pump power stabilization to 0.1 mW for less than a 0.5-ppm mean wavelength change.
The use of the three terms in the stability equation to compensate for each other is also a promising approach. Because the sign of the wavelength-dependent term changes near 976 nm (see Fig. 4 ), this term can be chosen to have either sign. The intrinsic dependence can also have either sign (see Fig. 2 ) but is more difficult to control. As an example, for a pump power of 60 mW and a pump wavelength of 976.5 nm, the intrinsic contribution is near +6 ppm/ 0 C, whereas the pump-power-dependent contribution is near 0. Assuming a pump source wavelength dependence of -400 ppm/ 0 C and assuming that the 75-mW curve of Fig. 4 is still nearly correct, we find that the slope of the pump wavelength dependence at 75 mW produces roughly a -6 ppm/mW contribution, which cancels the other contributions to first order. Certainly many combinations of pump power and pump wavelength produce a net dependence less than 5 ppm/ 0 C.
While the data look promising, further investigation into the effects of feedback from the optical system on the stability graphs of Figs. 2-4 is still required. However, the data presented indicate that the Er-doped SFS should provide adequate (>1 mW) source power in a broad bandwidth (>15 nm) when pumped with a high-power (>50-mW) single-stripe diode laser in the 980-nm pump band. When properly designed, such a source appears to be more stable than the Nd-doped SFS and superior to conventional superluminescent diodes by at least 1.5 orders of magnitude.
